Introduction
Multiple myeloma (MM) is preceded by a clonal but asymptomatic stage termed monoclonal gammopathy of undetermined significance (MGUS) (1) . MGUS may progress over time towards smoldering myeloma (SM) and overt MM stages. The causes of MGUS remain unknown, but disease progression to SM and MM is associated with numerous and increasingly damaging genetic alterations in clonal plasma cells (2) (3) (4) .
In MGUS, SM, and MM, clonal plasma cells produce large quantities of monoclonal immunoglobulin (mc Ig). Since these antibodies are assumed not to have functional activity, antigen-driven (Ag-driven) stimulation as an early pathogenic mechanism has not been thoroughly investigated in the context of MGUS and MM. However, it is established that viral and bacterial infection in patients can lead to the production of oligoclonal or mc Ig (5) (6) (7) . In addition, infection with intracellular oncogenic viruses such as EpsteinBarr virus (EBV) and hepatitis C virus (HCV) or bacteria such as Helicobacter pylori can lead to solid cancers and B cell malignancies, including Hodgkin lymphoma, non-Hodgkin lymphoma, and B cell chronic Subsets of mature B cell neoplasms are linked to infection with intracellular pathogens such as Epstein-Barr virus (EBV), hepatitis C virus (HCV), or Helicobacter pylori. However, the association between infection and the immunoglobulin-secreting (Ig-secreting) B proliferative disorders remains largely unresolved. We investigated whether the monoclonal IgG (mc IgG) produced by patients diagnosed with monoclonal gammopathy of undetermined significance (MGUS) or multiple myeloma (MM) targets infectious pathogens. Antigen specificity of purified mc IgG from a large patient cohort (n = 244) was determined using a multiplex infectious-antigen array (MIAA), which screens for reactivity to purified antigens or lysates from 9 pathogens. Purified mc IgG from 23.4% of patients (57 of 244) specifically recognized 1 pathogen in the MIAA. EBV was the most frequent target (15.6%), with 36 of 38 mc IgGs recognizing EBV nuclear antigen-1 (EBNA-1). MM patients with EBNA-1-specific mc IgG (14.0%) showed substantially greater bone marrow plasma cell infiltration and higher β 2 -microglobulin and inflammation/infection-linked cytokine levels compared with other smoldering myeloma/MM patients. Five other pathogens were the targets of mc IgG: herpes virus simplex-1 (2.9%), varicella zoster virus (1.6%), cytomegalovirus (0.8%), hepatitis C virus (1.2%), and H. pylori (1.2%). We conclude that a dysregulated immune response to infection may underlie disease onset and/or progression of MGUS and MM for subsets of patients.
lymphocytic leukemia (8) (9) (10) (11) . Malignant transformation may occur directly via B cell infection and transformation, or indirectly via chronic Ag-driven stimulation of the B cell receptor (BCR) that has identical heavy and light chain specificity for secreted mc Ig. Our previous studies of HCV-positive patients who presented with MGUS or MM showed that the mc Ig produced in these cases almost always target the virus, especially the oncogenic core protein (12, 13) . These results imply that an abnormal plasma cell response to infection could be the initiating event of some MGUS, SM, or MM cases. Notably, a report demonstrated that efficient antiviral treatment of a patient with chronic HCV infection led to MM regression (14) . Thus, rapid and reliable detection of infection-initiated MGUS, SM, and MM cases might lead to major advances in patient management that would target the associated infection as well as clonal plasma cells.
Here, we provide potentially new evidence supporting a role for infectious pathogens in MGUS and MM pathogenesis. Purified mc IgGs from a large cohort of patients (n = 244) diagnosed with MGUS, SM, or MM were analyzed by using a multiplexed infectious-Ag array (MIAA) assay (15) . The MIAA determines the serological status and specificity of purified mc IgG for 9 pathogens selected for their capacity for latent and chronic infection (15) . We report that 23.4% of patients had a purified mc IgG specific for 1 infectious pathogen on the array. Of these, EBV nuclear antigen-1 (EBNA-1) was the most frequent target.
Results

Patient characteristics and serological status.
In this retrospective study, we analyzed in parallel the serum and purified mc IgGs from 244 patients diagnosed with MGUS (n = 101), SM (n = 8), and MM (n = 135). Annotated clinical data were available for 204 of 244 patients (88 MGUS, 8 SM, and 108 MM). The biological and clinical characteristics of the 204 patients are shown in Table 1 . The median age of the MGUS, SM, and MM patients at the time of diagnosis was 66.7, 64.1, and 63.8 years, respectively. The male/female ratio was 54.5% for MGUS, and higher for SM and MM patients: 75.0% and 63.9%, respectively. The International Staging System (ISS) and Durie-Salmon Staging (DSS) scores indicated that 21.3% of the MM patients presented with ISS stage III at the time of diagnosis (DSS stage III: 48.1%).
We hypothesized that mc IgG from a significant number of patients may be specific for common human pathogens. Therefore, the sera from all 244 patients were first analyzed for polyclonal serological status by using the MIAA assay. The MIAA assay tests for reactivity to lysates and/or purified Ag representing 9 infectious agents ( Figure 1 ) (15) . The MIAA assay used in this study allows testing for panels of commercially available Ag from EBV, HCV, cytomegalovirus (CMV), herpes simplex virus-1 (HSV-1), HSV-2, varicella zoster virus (VZV), H. pylori, Toxoplasma gondii, and Borrelia burgdorferi. The serological status of MGUS, SM, and MM patients as assessed by the MIAA assay is summarized in Table 2 ; the serological status for B. burgdorferi was investigated for 149 of 244 patients. Overall, there were lower rates of positive polyclonal serology for SM/MM compared with MGUS patients, likely due to reduced normal B cell functionality and decreased levels of circulating polyclonal IgG, IgA, and IgM antibodies in later-stage disease. Specificity of recognition of purified mc IgG with the MIAA assay. Our next goal was to evaluate the possibility that the mc IgG, produced by clonal MGUS, SM, or MM B cells, is specific for infectious pathogens represented on the MIAA. To do so, mc IgGs from 244 serum samples were purified individually as previously described (refs. 12, 13, 15, and Figure 2A ). The degree of purity of each mc IgG was verified by isoelectric focusing (IEF) and immunoblotting ( Figure 2B ). In some cases, the purity of the mc IgG preparations was also confirmed by mass spectrometry, as described ( Figure 2 , C and D, and ref. 16 ). Each purified mc IgG was then applied to the patterned MIAA arrays to determine Ag specificity.
Results obtained with the MIAA assay, described in Figures 3-9 and Supplemental Figure 1 (supplemental material available online with this article; https://doi.org/10.1172/jci.insight.95367DS1), showed that purified mc IgG isolated from almost one quarter of patients (57 of 244, 23.4%) specifically recognized a single pathogen lysate or recombinant protein on the array. Among these 57 patients, the incidence across disease stage was not significantly different. In total, 6 pathogens were recognized by purified mc IgG. The most frequently recognized pathogen was EBV: 38 patients (18 MGUS, 4 SM, and 16 MM) had an mc IgG that targeted EBV, as assessed by the MIAA assay ( Figures 3 and 4 , and Supplemental Figure 1 ). In this group of patients (38 of 244 patients, 15.6%), we evaluated the most common EBV Ags. The majority (36 of 38, or 94.7%) of EBV-reactive mc IgGs recognized EBNA-1 (Figure 3) . IgGs are examined in parallel using the MIAA assay; each type of sample is tested in duplicate or more (some samples were tested 6 times within 1 experiment). Fluorescence signal is used to determine the serological status of each sample (15) . (B) Human serum samples containing polyclonal IgGs specific for each of the 9 infectious pathogens (= positive controls, CTRL+) were used to set up the assay and assess reproducibility. Human serum control samples that did not contain IgG specific for 1 or several pathogens (= negative controls, CTRL-) served to evaluate nonspecific binding and to determine the fluorescence threshold of specific positivity for each pathogen, Ag, or lysate (L), or mix of Ag (M). Shown is the net fluorescence intensity of the samples after subtracting background fluorescence (F-B). (C) Detail of negative controls and thresholds of positivity. Three fluorescence thresholds of specific positivity were used in all MIAA experiments: 500 for hepatitis C virus (HCV), H. pylori, and T. gondii; 1,000 for CMV, herpes simplex virus-1 (HSV-1), and HSV-2; and 1,400 for EBV, varicella zoster virus (VZV), and B. burgdorferi. Signals below these thresholds were considered to be negative. Dots may be superimposed; black horizontal bars represent the means of results obtained for a pathogen, Ag, or lysate. Positive and negative controls are run in every MIAA experiment, as internal controls. Figure 1 ). HCV-specific mc IgGs targeted the core protein (2 cases) or NS-4 (1 case), as previously reported (12, 13) . HSV-2 and T. gondii were not recognized by the purified mc IgGs in this study. Of note, although CMV infects 50% or more of the population, only 2 of 244 (0.8%) purified mc IgGs recognized CMV.
Confirmation of the specificity of Ag recognition of purified mc IgG. The high prevalence of mc IgG specific for EBNA-1 prompted us to perform further analysis, with the goal of identifying specific epitopes. Dot blots with recombinant full-length EBNA-1 confirmed a positive reaction for 32 of 38 patients ( Figure 10A ). We focused on an immunodominant B cell public epitope within the EBNA-1 sequence, PGRRPFF (residues 400-406); this epitope was reported as being recognized by polyclonal antibodies from 86.3% of individuals (17) . To evaluate whether it is also a target for mc IgG, we employed a dot blot assay based upon synthetic peptides derived from the PGRRPFF sequence (relevant peptide, RRPPPGRRPFFHPVA, Figure 10B ). A site-substituted synthetic (irrelevant) peptide (RRPPFGRRFFFHPVA) served as a negative control. However, only 2 mc IgGs gave a strongly positive signal for the PGRRPFF peptide ( Figure 10B ). The positivity of EBNA-1-specific mc IgG was verified and confirmed by peptide competition experiments with the MIAA assay, where the relevant EBNA-1 PGRRPFF peptide significantly inhibited the recognition of EBNA-1 recombinant protein by the EBNA-1-specific mc IgG, in a dose-dependent manner ( Figure 10C ).
Our next goal was to identify peptide epitopes in the HSV-1 proteome that are recognized by the HSV-1-specific mc IgG. To do so, we used high-throughput combinatorial phage random peptide display methodology. We employed the fUSE5-based phage peptide library that displays 10 9 cyclic random peptides (CX 7 C), where C represents cysteine and X represents any random residue (18) . We selected index patient P56, characterized by a strong positive reaction of purified mc IgG against the HSV-1 lysate in the MIAA assay. The purified mc IgG was immobilized on Protein A/G beads and incubated with the phage display peptide library, which was precleared with Protein A/G beads. Bound phages were eluted, amplified, and enriched for high-specificity binding by using a selection procedure (18) , which was repeated 3 times prior to sequencing of DNA inserts encoding the displayed peptide ( Figure 11A ). The most prevalent cluster included 14 related peptides ( Figure 11A ). An online BLAST search of the HSV-1 proteome resulted in a match for the sequence HL[SEDLGG]VPALR in HSV-1 large tegument protein (UL36) (residues 1498-1510). Further confirmation of the specificity of the purified mc IgG from the index patient for HSV-1 sequence HL[SEDLGG]VPALR was obtained by dot blot assay using the relevant peptide or a site-substituted, irrelevant synthetic peptide (EAVLHLSEDLGGRPAER-QYVP) as a negative control. Furthermore, the HL[SEDLGG]VPALR sequence was recognized by all 7 cases where the mc IgG was positive for HSV-1 reactivity on the MIAA ( Figure 11B ). Thus, the VPALR sequence is a common BCR epitope for patients with HSV-1-specific mc IgG. Characteristics of patients with EBNA-1-specific mc IgG. Having identified 14.7% (36 of 244) cases with EBNA-1-specific mc IgG, we next compared the clinical characteristics of these patients with the 168 other cases with clinical and biological data. First, we compared the 25 MGUS patients with mc IgG specific for one pathogen of the MIAA assay (MIAA + patients) with MGUS patients with mc IgGs that were nonreactive for pathogens in the MIAA (MIAA -patients) ( Table 3 ). There was a trend for mildly reduced renal function (serum creatinine [SCr]: 76.5 vs. 71.0 μmol/l, P = 0.039) for MIAA + MGUS patients. We then compared the 16 MGUS patients with EBNA-1-specific mc IgG with the 72 MGUS patients whose mc IgG did not recognize EBNA-1 (Table 3) . MGUS cases with EBNA-1-specific mc IgG differed from other MGUS patients by presenting with a mildly reduced renal function (SCr: 86.0 vs. 71.0 μmol/l, P = 0.016; glomerular filtration rate [GFR]: 72.0 vs. 86.0 ml/min, P = 0.026).
Moreover, we compared SM/MM patients with a positive reaction to a pathogen on the MIAA (MIAA + SM/MM patients) with MIAA -SM/MM patients (Table 4) . MIAA + SM/MM patients presented more frequently with stage III MM (ISS score) (44.4% vs. 18.7%, P = 0.039). We then compared the 20 SM/MM patients with EBNA-1-specific mc IgG (EBNA-1 + patients) to the 96 SM/MM patients whose mc IgG did not react with any MIAA Ags (Table 4) (12, 13, 15) . (B) The purity of mc IgGs was verified using isoelectric focusing and immunoblotting; 3 examples (patients P16, P63, and P205) are shown. For certain patients, purified mc IgG (C) and polyclonal IgGs (D) were also studied by mass spectrometry. Only one IgG3 isotype (red circle) was observed in the mc IgG, while the polyclonal IgGs contained 3 isotypes: IgG1 (green circle), IgG2 (blue circle), and IgG3 (red circle), demonstrating the high purity of the mc IgG. The different peaks observed for each isotype correspond to the cumulative mass of the different hexoses carried by the IgG Fc fragment. Experiments were repeated twice.
immune responses (23) (24) (25) (26) . We evaluated the levels of these molecules in the serum of 64 patients, to test whether pathogen-reactive neoplastic B cells are specifically associated with inflammation and infection. These patients represented different disease stages (34 MGUS, 4 SM, and 26 MM) and included MIAA + , EBNA-1 + , and MIAA -cases. Results reported in Figure 12 , A-C, show that HGF, IL-6, and IL-10 were significantly elevated in both MGUS and SM/MM, compared with controls (9 healthy donors). Infection-linked IL-22, IL-26, and IL-33 levels varied (Figure 12, D-G) . Regarding myeloma, one should note that although increases were modest, MIAA + patients had significantly higher levels of IL-22 than MIAA -patients, and EBNA-1 + patients had higher levels of IL-22 and IL-33 than EBNA-1 -patients ( Figure 12 , D-F). In MGUS, IL-33 was significantly elevated for MIAA + patients and EBNA-1 + patients, compared with healthy donors ( Figure 12G ).
Discussion
It is well established that the incidence of MGUS and MM increases with age (27) . Thus, these conditions are a growing concern in aging populations worldwide. Although extensive genetic studies have been performed in MM, genetic evaluation does not predict disease evolution nor the effectiveness of therapy (28) . Moreover, MGUS patients are often maintained on a watchful-waiting phase and there are presently no interventions in place to slow or halt disease progression to MM. Our study provides evidence that chronic Ag stimulation, here of infectious origin, underlies the initiation of MGUS and MM. We report that 6 infectious pathogens, including carcinogenic viruses (EBV, HCV, and HSV) and bacteria (H. pylori), are the candidate targets for approximately 23% of mc IgGs in MGUS, SM, and MM. This result suggests novel pathogenic mechanisms in these diseases, and offers new opportunities for improving patient diagnosis and treatment. Because only 9 infectious pathogens were tested with the present MIAA assay, the frequency of MGUS and MM patients with pathogen-specific mc IgG is likely greater than 23%. One objective of our future on-going studies is to identify additional infectious pathogens and Ags associated with MGUS and MM. In our patient cohorts, the most frequent target of purified mc IgG was EBNA-1, which was found for 15.6% of patients. In this study, we were not able to study clonal plasma cells to search for evidence of EBV infection and eventual direct transformation. However, our previous study of herpes virus DNA in samples from 11 patients diagnosed with myeloma or plasma cell leukemia had found only 1 patient with a significantly elevated copy number of the EBV DNA polymerase in clonal plasma cells (29) . The specificity of the mc IgG was not investigated for these patients. Further studies of the role of EBV in myeloma are warranted, but indirect cell transformation via chronic stimulation appears likely to be more frequent in myeloma than direct transformation following cell infection by EBV. The PGRRPFF sequence, previously identified as a frequent EBNA-1 IgG epitope in the general population (17) , was identified as the target of mc IgG from 2 EBNA-1-reactive cases. Further characterization of linear or conformational epitopes, recognized by mc IgG from the remaining group of patients with EBNA-1-specific mc IgG, will be required to determine if there are EBNA-1 epitope hotspots that are overrepresented in the BCR specificity of neoplastic B cells in MGUS and MM. One might speculate that epitopes identified outside of the EBNA-1 dimer interface would maximize its ability to serve as a bivalent ligand for the BCR and promote BCR aggregation, signaling, and internalization (30) .
Remarkably, peptides incorporating the VPALR sequence in UL36, the tegument protein critical for HSV-1 capsid assembly, were recognized by purified mc IgG from all 7 patients with HSV-1-specific mc IgG. Thus, this sequence may represent an HSV-1 epitope hotspot that triggers abnormal BCR signaling during early-stage disease at the onset of MGUS. Although the limited structural information available regarding UL36 does not include the VPALR epitope, recent evidence indicates that dimerization may also be a feature of recombinant UL36 proteins (31). Based upon the biological and clinical presentation, and increased levels of infection-linked cytokines (IL-22, IL-33) in blood, EBNA-1-associated MM may identify a distinct and possibly more severe form of the disease spectrum. Studies of larger cohorts are required to fully characterize EBNA-1-associated MM, and to determine whether these patients may carry specific genetic alterations. In particular, the high incidence of males in the EBNA-1-associated MM group might indicate hereditary, X-linked susceptibility to an abnormal immune response to EBV infection and EBV-associated MGUS and myeloma, as recently reported for certain cases of B cell lymphomas (32) (33) (34) .
Overall, our findings imply that chronic stimulation by infectious Ag may promote MGUS and MM in certain patient subsets. Importantly, some of the identified infectious pathogens (HSV, HCV, H. pylori) can be effectively treated. This observation has obvious clinical consequences, since the detection of MGUS or SM patients with an mc IgG specific for a treatable pathogen would allow the proposal of antiviral or antibiotic treatment for patients. If an underlying chronic infection were cleared early enough in disease progression, it could perhaps offer the tantalizing possibility to prevent MGUS transition towards SM and overt MM for the first time. In such cases, addition of antiviral or antibiotic treatment to current protocols might indeed induce disease regression and/or improve response to standard treatments, as reported for interferon-γ treatment in HCV-associated MM (14) . Similarly, eradication of H. pylori is known to result in tumor regression of H. pylori-associated malignancies (35) .
A few aspects of this work merit further comment. First, based upon frequency, EBV infection may contribute to MM pathogenesis in subsets of patients (36) . The main antigenic target, EBNA-1, is expressed in 3 types of latency observed in EBV-associated B cell malignancies; it is essential for EBV persistence and transcription (37) (38) (39) . Existing drugs target the main signaling molecules or pathways altered by EBNA-1, notably p53/TP53, ubiquitin-and proteasome-dependent proteolysis, and the NF-κB pathway (40) (41) (42) . Proteasome inhibitors that restore the presentation of EBNA-1-derived epitopes should be particularly useful in EBNA-1-associated MM, via the destruction of EBNA-1-expressing cells and subsequent reduction in EBNA-1 stimulation of clonal plasma cells (43) (44) (45) . Proteasome inhibitors may also act directly on clonal plasma cells infected by EBV.
Second, other important antigenic drivers of MGUS and MM are currently being discovered. A recent report suggested that lyso-glucosylceramide 1 (LGL1) and lyso-phosphatidylcholine (LPC) may be the target of up to 30% of mc IgGs in plasma-cell proliferative disorders (46) . Although mc IgGs were not purified in that intriguing study, the results are consistent with the notion that chronic Ag stimulation and an abnormal immune response may contribute to the initiation and/or progression of MGUS and myeloma.
In conclusion, infectious pathogens and Ag, and particularly EBNA-1, are frequent targets of purified mc IgGs in MGUS, SM, and MM. An abnormal immune response to infection, especially to EBV, may therefore be part of MM pathogenesis in subsets of patients. Future, larger studies shall determine whether EBNA-1-associated MM is a more severe form of the disease. Future studies aiming to identify the additional EBNA-1 epitopes that are targeted by purified mc IgGs, and the mechanisms that underlie the abnormal immune response to EBV in patients with clonal plasma cell disorders, will also provide valuable insights into the pathogenesis of these malignant diseases. Purification of mc IgG. After clotting, patient blood samples were centrifuged at 2,200 g (15 minutes, 4°C) and serum aliquots were stored at -80°C or -20°C, depending on collecting site. IgG concentration was measured with an immuno-nephelometric assay performed on a Beckman Immage Analyzer (Beckman Coulter). Purification of mc IgG and verification of purity was performed as previously described (12, 13, 15) . Protein concentration was determined by using a Nanodrop Spectro-photometer ND-1000. Mass spectrometry was performed for 4 samples to validate purity, as previously described (16). Figure 10 . Confirmation of the specificity of EBNA-1 recognition of purified mc IgGs. (A) Dot blotting assays with purified recombinant EBV nuclear antigen-1 (EBNA-1) were first performed in parallel with serum and purified monoclonal (mc) IgG from 3 patients: P169 and P190, patients with EBNA-1-specific mc IgG as assessed by the multiplex infectiousantigen array (MIAA) assay, as positive controls; and patient P160, whose mc IgG did not recognize EBNA-1 as assessed by the MIAA assay, as a negative control. EBNA-1 dot blotting was then performed with the purified mc IgGs of 30 additional patients with EBNA-1-specific mc IgG as assessed by the MIAA assay. (B) Dot blotting assays performed by coating relevant (RRPPPGRRPFFHPVA) or irrelevant (RRPPFGRRFFFH-PVA) EBNA-1-derived peptides and studying reactivity with serum and purified mc IgGs. Amino acids of the relevant epitope are in bold and underlined. The modified amino acids in the irrelevant peptide are shown in blue. Signal was obtained only with relevant peptide, but only 2 of 24 of the purified mc IgGs that could be tested bound to the relevant peptide. The serum of patient P98 does not contain IgG specific for EBNA-1. Patient P1 is shown as an example of serum containing polyclonal IgGs that bound to the relevant peptide, while the purified mc IgG did not bind. (C) Dose-dependant inhibition of recognition of EBNA-1 protein by purified mc IgG specific for EBNA-1 in the presence of the relevant peptide in the MIAA assay. Recombinant EBNA-1 protein was spotted on the array. A purified mc IgG found to be EBNA-1 specific with the MIAA assay and to recognize the relevant EBNA-1-derived peptide RRPPPGRRPFFHPVA with the dot blot assay, was preincubated with different concentrations of this peptide for 1 hour at room temperature before adding the mc IgG to the MIAA pad. The irrelevant peptide RRPPFGRRFFFHPVA was used as a negative control. Results are means ± SD of triplicates. *P < 0.05 by ANOVA. Experiments were performed at least twice.
Analysis of mc IgG purity by mass spectrometry. Purified mc IgGs were digested with trypsin and glycopeptides were isolated from peptides by using 2 methods, i.e., reversed-phase high-performance liquid chromatography and a protocol involving the commercial ProteoExtract Glycopeptide Enrichment Kit (EMD-Millipore) as indicated. All fractions were concentrated for analysis by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-ToF-MS) to confirm that all (glyco)peptides originated from human IgG. Analysis was performed by using an UltraFleXtreme operated in positive ion, reflective mode (16) .
The MIAA assay. The MIAA assay used in this study has been described previously (15) . The assay allows testing for panels of commercially available Ag and/or lysates from EBV, HCV, CMV, HSV-1, HSV-2, VZV, H. pylori, T. gondii, and B. burgdorferi.
MIAA Ags and lysates. Ags were purchased from Abcam, Advanced Biotechnologies Inc., and ImmunoDiag. Lysates were supplied by Advanced Biotechnologies Inc. and EastCoast Bio. For EBV, 2 Ags were used: VCA p23, full-length protein, EBV recombinant protein EBNA-1, and purified viral lysate. For CMV, a mix of 5 Ags was used: region 297-510 of CMV glycoprotein pp65; CMV pp28 (UL99) immunodominant region; CMV pp52 (UL44) immunodominant region; glycoprotein B immunodominant region; and CMV pp38 (UL80a) immunodominant region as well as a purified viral lysate. For T. gondii, we used 1 Ag, the p24 (GRA1) protein, and a purified tachyzoite lysate. For HCV, 3 Ags were used: core protein, composed of 119 residues (aa 1-119); NS-3 protein recombinant fragment subtype 1c (residues 1192-1459); and NS-4 recombinant protein, composed of 118 residues (aa 2-119). For H. pylori, we used 2 purified bacterial lysates (strain 49503) and recombinant proteins (urease and CagA) for immunoblotting. For HSV-1, we used glycoprotein G and a purified viral lysate (MacIntyre strain). For HSV-2, we used glycoprotein G and a purified viral lysate (G strain). For VZV, 2 Ags were used: envelop glycoprotein E, and ORF26 protein. For B. burgdorferi, we used a mix of 2 Ags: region 158-296 of B. burgdorferi p41 recombinant protein, and the VIsE full-length protein. Ags were diluted in phosphate-buffered saline (PBS) from 1 to 16 μM, and lysates were diluted from 10 to 400 μg/ml. To avoid aggregates, lysates were ultrasonicated prior to dilution in PBS.
Processing of the microarray slides and analysis of mc IgG Ag specificity by MIAA. Preparation of the MIAA assay was performed as previously described (15) . The arrays consisted of 8 × 8 matrices that included (a) 10 Ags: 2 for EBV, 3 for HCV, 1 for T. gondii, 1 for HSV-1, 1 for HSV-2, and 2 for VZV; (b) 7 lysates: EBV, CMV, HSV-1, HSV-2, T. gondii, and 2 for H. pylori; (c) 3 mixes: 1 of 5 CMV Ags, 1 of 2 B. burgdorferi Ags, and 1 of 2 H. pylori lysates; and (d) 2 negative controls: PBS and PBS with 0.1% bovine serum albumin (BSA). For hybridization, IgG concentrations were adjusted to 400 μg/ml for serum and from 50 to 200 μg/ml for purified mc IgGs. Samples (80 μl) were incubated for 2 hours at room temperature. Competition was performed by preincubation of the purified mc IgG with relevant or irrelevant peptides at different concentrations for 1 hour at room temperature. After washing, slides were incubated with a labeled secondary antibody (0.2 μg/ ml DyLight 680-labeled goat anti-human IgG (H+L), from SeraCare; catalog 5230-0342). Fluorescence signal, detected with the Odyssey infrared imaging system scanner at 21-μm resolution (LI-COR Biosciences), was used to determine the serological status of each sample. Specific fluorescence was quantified by using the GenePix Pro 4 Microarray Acquisition & Analysis Software (Molecular Devices) (15) . EBNA-1, EBV nuclear antigen-1; EBNA-1 + , patients with EBNA-1-specific purified monoclonal (mc) IgG; EBNA-1 -, patients with a purified mc IgG not specific for EBNA-1; MGUS, monoclonal gammopathy of undetermined significance; MIAA, multiplex infectious-antigen array; MIAA + , patients with a pathogen-specific purified mc IgG as determined by the MIAA assay; MIAA -, patients with purified mc IgG of undetermined specificity; NS, not significant. Because biological information was not available for all patients, and was partial for certain patients, the number of patients with data may vary depending on the biological parameter. MIAA controls and thresholds of specific positivity. A first series of negative controls, not containing any antibody, were spotted on the MIAA assay: these controls were PBS, and PBS with BSA (15) . A second series of negative controls were human serum samples that did not contain antibodies specific for 1 or several of the 9 pathogens, Ag, or lysates in the MIAA. The 2 categories of negative controls served to evaluate nonspecific binding and allowed us to determine the fluorescence threshold of specific positivity for each pathogen, Ag, or lysate of the MIAA. Note that a negative-control serum may be negative, for example, for antibodies specific for HSV-1, HSV-2, VZV, HCV, H. pylori, T. gondii, or B. burgdorferi but contain polyclonal Ig specific for EBV and polyclonal Ig specific for CMV. Then, human serum samples known to contain polyclonal Ig specific for 1 or more of the 9 infectious pathogens of the MIAA were used as positive controls. Altogether, 3 fluorescence thresholds of specific positivity were validated and used thereafter for all MIAA experiments: 500 for HCV, H. pylori, and T. gondii; 1,000 for CMV, HSV-1, and HSV-2; and 1,400 for EBV, VZV, and B. burgdorferi. Fluorescent signals below these thresholds were considered to be negative.
EBV and HSV-1 dot blotting assays. For dot blotting assays, nitrocellulose membranes (Amersham) were spotted with recombinant EBNA-1 protein, with viral lysate for HSV-1 or with relevant and irrelevant EBV-or HSV-1-derived peptides, then dried. Saturation of the membranes was done by incubation in Tween-PBS-5% dry milk (TPM) for 2 hours. Membranes were incubated with the serum from the patient or purified mc IgG diluted in TPM (0.1 g/l) for 1 hour at room temperature. After washing, membranes were incubated for 1 hour with Peroxidase AffiniPure donkey anti-human IgG (H+L) (catalog 709-035-149, Jackson ImmunoResearch) at a 1:1,000 dilution. Revelation of Ag-antibody complexes was performed by chemiluminescence using a Thermo Fisher Scientific kit.
H. pylori immunoblotting assay. The immunoblotting assay was performed by using the commercial kit Helico Blot 2.1 (MP Biomedicals). Helico Blot 2.1 consisted of a Western blot made from bacterial lysate HGF, 63-1,283 pg/ml; IL-6, < 9 pg/ml (in our group of HD, one individual had 165.5 pg/ml IL-6); IL-10, < 2 pg/ml; IL-22, 0 pg/ml; IL-26 and IL-33, normal values are not defined. *P < 0.05, **P < 0.01, and ***P < 0.001 by ANOVA.
